Background--We sought to assess the risk of acute kidney injury (AKI) and mortality associated with intensive systolic blood pressure reduction in acute intracerebral hemorrhage.
levated acute blood pressure has been associated with hematoma expansion in patients with intracerebral hemorrhage (ICH). [1] [2] [3] However, the ideal target for systolic blood pressure (SBP) reduction, particularly for patients presenting with extremely high SBP (≥220 mm Hg), remains unclear. The multicenter randomized INTERACT 2 (Intensive Blood Pressure Reduction in Acute Cerebral Hemorrhage Trial) showed a trend suggesting intensive SBP reduction targeted to <140 mm Hg leads to improved clinical outcome. 4 As a result, this goal was adopted by the American Heart Association/American Stroke Association recommendations for acute ICH management. 5 However, this blood pressure goal has been disputed by the more recent ATACH 2 (Antihypertensive Treatment of Acute Cerebral Hemorrhage 2) trial that compared an intensive SBP goal (<140 mm Hg) to a standard SBP goal (140-179 mm Hg) and found no improvement in primary outcome. 6 Moreover, the ATACH 2 trial reinforced a growing body of evidence 7 that suggested that intensive SBP reduction might lead to higher rates of adverse renal events.
Intensive blood pressure reduction can induce multiorgan ischemia, particularly in the heart and kidneys. [8] [9] [10] [11] The identification and determination of risk factors for acute kidney injury (AKI) is particularly important because of its association with death or major disability after ICH. 12 This identification is particularly important in patients with chronic kidney disease (CKD) who may be even more vulnerable to AKI. 13, 14 In this study, we sought to evaluate the association between intensive SBP reduction and AKI in patients with acute ICH, the role of CKD in predicting AKI, and the role of decreased renal function in clinical outcome after ICH.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Data Collection
Institutional review board approval was obtained for the conduct of a prospective cohort study evaluating functional outcomes in adult spontaneous nontraumatic patients with ICH at a tertiary-level university hospital. Informed consent was waived with institutional review board approval. All data were prospectively collected as per hospital registry protocol for acute ICH and retrospectively reviewed for accuracy by blinded neurologists (N.G., Y.K., and A.K.). Consecutive patients with ICH were initially identified by International Classification of Diseases (ICDÀ9) code, which spanned a 4-year period, from January 2, 2011 to December 26, 2015 . Inclusion criteria were as follows: spontaneous cause for ICH, adult age (≥18 years old), and symptom onset within 24 hours. Exclusion criteria were as follows: nonspontaneous causes of ICH (including traumatic ICH, metastatic hemorrhagic lesion, ICH resulting from venous sinus thrombosis, and ICH resulting from underlying vascular lesion), supratherapeutic international normalized ratio in the setting of prehospital anticoagulation or coagulopathy (threshold international normalized ratio ≥1.7), thrombocytopenia (platelets <50 000/mm 3 ), prehospital end-stage renal disease, and inadequate serum creatinine (SCr) recordings. All patients with ICH were initially admitted to the intensive care unit. As per hospital protocol, patients were treated with continuous nicardipine infusion or intravenous pushes of enalapril, hydralazine, labetalol, or oral clonidine to reach a goal SBP <140 mm Hg during the first 24 hours after admission.
Demographic characteristics, medical history, premorbid Modified Rankin Scale scores, admission laboratory values, and baseline radiological and clinical parameters were prospectively collected. Baseline clinical severity was documented with National Institutes of Health Stroke Scale (NIHSS) scores by certified physicians. Clinical outcome end points included Modified Rankin Scale score at discharge, hospital length of stay, in-hospital mortality, presence of AKI, and progression of AKI to end-stage renal disease.
Blood Pressure Evaluation
SBP and diastolic blood pressure (DBP) were recorded hourly during intensive care unit admission. SBP and DBP were retrospectively collected for the first 12 hours after admission. Maximum SBP reduction (the difference between maximum and minimum SBP) and maximum DBP reduction (the difference between maximum and minimum DBP) were calculated.
AKI Evaluation and Resolution
To assess renal function, daily SCr was tracked over the first 3 days after admission and at discharge. AKI was defined and staged according to Acute Kidney Injury Network guidelines: either a minimum increase in SCr of ≥0.3 mg/dL or >150% of baseline SCr. 15 Subjects without ≥2 SCr readings within the first 48 hours of admission were excluded. Urine output was not included in defining or staging AKI in this study because of limited data. Resolution of AKI was determined using discharge SCr and defined as discharge SCr being less than or equal to the lowest SCr recorded in the first 3 days of admission and an SCr improvement of ≥0.3 mg/dL.
Clinical Perspective
What Is New?
• In a large cohort of patients with acute spontaneous intracerebral hemorrhage who received intensive blood pressure reduction, we studied the relationship between maximum blood pressure reduction in the first 12 hours and clinical outcomes during hospital stay, focusing on acute kidney injury and in-hospital death.
What Are the Clinical Implications?
• In the first 12 hours, systolic blood pressure reduction of >90 mm Hg may increase risk of acute kidney injury and in-hospital mortality, even in patients without previous kidney dysfunction.
• Treatment goals that avoid acutely exceeding this amount of blood pressure reduction may protect against iatrogenically inducing acute kidney injury.
• Development of acute kidney injury was strongly predictive of in-hospital mortality.
Iatrogenic Nephrotoxin Evaluation
Potential iatrogenic nephrotoxic sources administered within the first 3 days of hospitalization were also evaluated and included the following: loop diuretics, thiazides, NSAIDs, antibiotics (including piperacillin/tazobactam, vancomycin, sulfamethoxazole/trimethoprim, penicillins, ampicillin, acyclovir, fluoroquinolones, and aminoglycosides), angiotensinconverting enzyme inhibitors (ACEIs), angiotensin receptor blockers, hyperosmolar agents (mannitol and hypertonic saline), and contrast from computed tomographic angiogram.
Elevated Admission SCr Evaluation: CKD Versus Prerenal AKI
Because of inaccuracy of self-reported renal history, CKD and staging were calculated using admission SCr values and estimated glomerular filtration rate (eGFR). CKD stage was defined according to the National Kidney Foundation Kidney Disease Outcomes Quality Initiative staging guidelines. 16 The algorithm in Figure 1 was used to differentiate between prerenal AKI and CKD in patients who presented with elevated admission SCr.
Values for eGFR and SCr were examined at both admission and discharge. Both admission and discharge eGFR values were calculated using the Modification of Diet in Renal Disease formula from admission and discharge SCr, respectively. Patients were classified as having normal prehospital renal function if they had normal SCr limits, as delineated by the National Kidney Foundation (upper limits, 1.2 mg/dL for women and 1.4 mg/dL for men), and had baseline eGFR ≥60 mL/min per 1.73 m 2 at admission.
We considered patients with prerenal AKI on admission to have normal renal function. However, we made several assumptions to differentiate between CKD and prerenal AKI in patients with elevated admission SCr. First, we assumed that "baseline eGFR" corresponded to the lowest SCr values, whether this was admission or discharge SCr. Second, were excluded from this study.
Statistical Analysis
We described our cohort using descriptive statistics and then compared the AKI versus non-AKI cohorts using independent sample t tests, v 2 tests, and Mann-Whitney U tests, as appropriate. Odds ratios (ORs) with 95% confidence intervals (CIs) are presented as measures of effect size. The relationship between intensive SBP reduction and AKI risk was determined first by using a receiver operating characteristic curve analysis to obtain an SBP cutoff value that maximized sensitivity and specificity ( Figure 2 ). The obtained criterion was then used as the threshold to create a dichotomous variable for maximum SBP reduction. AKI risk assessment was also evaluated on the basis of renal function status on admission (normal prehospital renal function versus CKD) and followed logistic regression analyses; CIs were used to compare the difference of the log odds between the 2 groups. Predicted probabilities from the regression models were also used to obtain the area under the receiver operating characteristic curve for each model. To assess for the impact of AKI during hospitalization on mortality, multivariable logistic regression analyses adjusting for patient age, ICH volume, location, intraventricular hemorrhage, and admission NIHSS were used. P<0.05 was considered statistically significant. One-sample Kolmogorov-Smirnov test was used to evaluate for normal distribution of predictor variables. SPSS, version 22, was used for all statistical analyses.
Results

Study Population
A total of 641 patients with ICH were evaluated. Of these patients, 448 met inclusion criteria and could be evaluated for renal variables. Of the patients, 139 (31%) developed in-hospital AKI. The AKI and non-AKI groups did not significantly differ in terms of sex, body mass index, or medical history, but they did exhibit significant differences in mean age, race, ICH admission volume, history of hyperlipidemia, CKD, admission glucose levels, clinical severity at admission, presence of subcortical locations for ICH, and admission SBP and DBP (Table 1) . Of those who developed AKI, 85.1% met the Acute Kidney Injury Network criteria for stage 1 AKI, whereas criteria for stages 2 and 3 were met by 9.7% and 5.2%, respectively (Table 2) . AKI resolution could not be assessed for all subjects who developed AKI, but of the 106 with the appropriate laboratory data, 50.9% did meet our criteria for AKI resolution.
A comparison of nephrotoxic agents received during the first 4 days after admission showed significant differences between the AKI and non-AKI groups for administration of vancomycin (P=0.003), piperacillin/tazobactam (P=0.012), ampicillin (P=0.018), fluoroquinolones (P=0.004), and ACEIs (P=0.001) and contrast from computed tomographic angiogram testing within the first 24 hours of hospitalization (P=0.005) (Table S1 ). Almost all immediate blood pressure parameters were higher in AKI subgroup, with the exception of minimum SBP and mean DBP (Table S2) .
Baseline CKD was significantly different in patients who developed in-hospital AKI. Of the subjects who developed AKI, 36.0% had preexisting CKD, whereas only 14.6% of the patients in the non-AKI group had preexisting CKD (P<0.001) ( Table 1 ). Because this divergence represented an association of interest, further risk analyses included stratification of baseline renal function.
AKI Risk on the Basis of Blood Pressure
Logistic regression models using in-hospital AKI as the clinical outcome were adjusted for age, race, ICH volume, intraventricular hemorrhage, admission NIHSS score, and use of piperacillin/tazobactam, vancomycin, fluoroquinolones, and ACEIs (Table 3 ). In the normal prehospital renal function group, a maximum SBP reduction >90 mm Hg was associated with increased odds of AKI (OR, 2.08; 95% CI, 1.19-3.62; P=0.010). Model accuracy for the normal prehospital renal function group was 78.4%, with an area under the receiver operating characteristic curve of 0.73 (95% CI, 0.67-0.79). This SBP range was also associated with increased odds of AKI in the CKD group (OR, 3.91; 95% CI, 1.26-12.15; P=0.019). Model accuracy for the CKD model was 76.7%, with an area under the receiver operating characteristic curve of 0.86 (95% CI, 0.78-0.93). The impact of maximum SBP reduction >90 mm Hg was not significantly different between groups on the basis of the overlapping 95% CIs of the OR.
Two of the parameters adjusted for in the logistic regression models also emerged as predictive of in-hospital AKI. ACEI use emerged as a protectant against AKI but only in subjects with normal prehospital renal function. Admission NIHSS was a predictor of AKI for only those with CKD at admission. Maximum SBP reduction dichotomized at >90 mm Hg emerged as a consistent predictor of AKI for patients with both normal renal function (OR, 2.08; 95% CI, 1.19-3.62; P=0.010) and CKD (OR, 3.91; 95% CI, 1.26-12.15; P=0.019).
Mortality Risk
Adjusted logistic regression models, stratified by CKD status, were performed to assess mortality risk (Table 4) . CKD status did play a role for AKI association with in-hospital mortality. For patients with normal prehospital renal function, AKI was positively associated with higher odds of in-hospital mortality (OR, 2.41; 95% CI, 1.11-5.22; P=0.026). Model accuracy for the normal prehospital renal function group was 90.2% with an area under the receiver operating characteristic curve of 0.89 (95% CI, 0.84 -0.94). However, the association between AKI and in-hospital mortality was not statistically significant in patients with CKD (P=0.154). Model accuracy for the CKD model was 89.3% with an area under the receiver operating characteristic curve of 0.96 (95%CI, 0.92-1.00). For patients with normal prehospital renal function, other predictors of mortality included age, admission hematoma volume, and admission NIHSS. For patients with CKD, predictors of mortality included admission hematoma volume and NIHSS (Table 4) . A strong interaction (Wald, 45.544; df=1; P<0.001) of renal function on the association of admission NIHSS with mortality was identified.
Discussion
Current randomized-controlled clinical trials and international recommendations acknowledge the importance of reducing SBP in acute ICH but focus on specific SBP targets without considering systemic organ autoregulation 17 or providing recommendations for patients who present with SBPs >220 mm Hg. 5 The ATACH 2 trial complicated the benefit of intensive SBP reduction in acute ICH by demonstrating a significant increase in adverse renal events in patients randomized to intensive antihypertensive therapy. 6 We investigated this association and found that aggressive SBP reduction may play a role in the development of in-hospital AKI. This became clinically relevant because AKI was an independent predictor of in-hospital mortality in patients with normal prehospital renal function. 
AKI Risk and Autoregulation
This study revealed that a threshold "maximum SBP reduction" of 90 mm Hg significantly predicted AKI regardless of preexisting CKD. Although other trials, such as SPRINT (Systolic Blood Pressure Intervention Trial), have also found significant increases in AKI on the basis of intensive SBP reduction 7 and secondary analysis of the ATACH trial 18 and supplementary analysis of the ATACH 2 trial 6 showed greater incidence of AKI in patients treated with intensive SBP control, this is the first trial to define a threshold value for SBP reduction (ie, maximum SBP reduction) in ICH that is associated with in-hospital AKI. Pathological changes in renal and cerebral autoregulation may explain our findings. A rightward shift in cerebral autoregulation may occur because of both chronic hypertension 19 and stroke. 20 Although the results of INTER-ACT 2 appeared to contradict the long-standing belief that intensive SBP control would exacerbate perihematomal ischemia, 4 cautious and stepwise blood pressure reduction has long been recommended in the management of malignant hypertension 21, 22 and hypertensive encephalopathy. 8, 10, 23 The current American Heart Association/American Stroke Association guidelines do not offer recommendations on SBP reduction in patients presenting with SBPs >220 mm Hg. Our findings suggest that this may be appropriate and that patients who present with SBPs >230 mm Hg may actually be at risk for AKI if intensive SBP reduction is initiated. ACEI indicates angiotensin-converting enzyme inhibitor; AKI, acute kidney injury; AUC, area under the receiver operating characteristic curve; CI, confidence interval; CKD, chronic kidney disease; CTA, computed tomographic angiogram with contrast; NIHSS, National Institute of Health Stroke Scale; OR, odds ratio. *Maximum systolic blood pressure reduction, defined as the difference between the maximum systolic value and the minimum systolic value over the initial 12 hours of hospital admission. The negative effects of aberrant autoregulation likely extend beyond the brain. The most prevalent risk factor for ICH is chronic hypertension, 24, 25 which also causes a rightward shift in the renal autoregulation curve 26 and increases the threshold value of mean arterial pressure needed to maintain renal perfusion. 27, 28 Drastic and rapid lowering of blood pressure may also shift the renal autoregulation curve rightward 9 and create a new less robust limit, where even nonhypotensive or normotensive blood pressures decrease renal blood flow and exacerbate renal injury.
The extent of autoregulatory shifts may correlate with the severity of hypertension, 29 but they are unpredictable, making absolute blood pressure targets potentially inappropriate. Using a threshold SBP range as a guide may offer the adjustment needed when treating patients with different, possibly unknown, baseline blood pressures. For example, pursuing the current suggested goal of <140 mm Hg may harm a patient whose autoregulation threshold has adjusted rightward, but a goal range allows variability in proportion to presentation, regardless of chronic hypertension or presenting SBPs >220 mm Hg.
Impact of CKD on AKI Risk
We also sought to evaluate the role of baseline renal function on AKI risk and clinical outcome. CKD severity and eGFR are known risk factors for AKI, 13, 14 and AKI that occurs with preexisting CKD has been shown to increase the risk of endstage renal disease and death. 13 Nevertheless, we did not find baseline renal function to be an independent predictor for in-hospital AKI or death. The absence of CKD as a determinant in AKI is consistent with current treatment guidelines that target hypertensive emergencies in the absence of ICH, such as hypertensive encephalopathy, and indicates that antihypertensive therapy does benefit patients with CKD. 30 Similarly, secondary analysis using the INTERACT 2 cohort demonstrated that the effects of blood pressure reduction were comparable across different eGFRs, despite the association between decreased renal function and higher mortality.
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AKI and Risk of Mortality
Our study supported the increased risk of mortality in ICH associated with patients with AKI found in other recent ICH studies. 12, 31 The pathophysiological characteristics linking this relationship between AKI and poor outcomes in patients with ICH have proved difficult to define because of other confounding variables, such as older age, 32 and numerous complications caused by AKI, including uremia, acid-base disturbance, fluid overload, and electrolyte imbalance. 33 The global decreased perfusion leading to AKI may also lead to systemic end organ damage, but studies have shown that the association between AKI and mortality persisted even after adjustment for these comorbidities. 34 However, although we found that AKI increased mortality risk in patients with normal prehospital renal function, this association was not maintained in patients with CKD. We surmise that patients with CKD may be preconditioned to have greater resilience against mortality associated with AKI because of their diminished renal function. In addition, although CKD is associated with higher mortality, this mortality has been found to increase exponentially with more severe CKD stages 4 and 5, 35 which only pertained to 17.1% of our patients with CKD.
Limitations
This study has several limitations. The assumptions necessary to differentiate between CKD and prerenal AKI in patients presenting with elevated SCr precipitated our primary methodological shortcomings. First, we defined CKD by estimating GFR using the Modification of Diet in Renal Disease formula, which relies heavily on SCr. In addition to these values being estimations, this also impedes differentiating prerenal AKI from intrarenal AKI superimposed on CKD. Formulas for calculating eGFR from SCr are limited in accuracy, classifying %63% to 69% of patients correctly, with the Modification of Diet in Renal Disease equation being biased toward age but exhibiting the lowest mean bias of all formulas. 36 By using eGFR rather than observed GFR, we may have underestimated GFR and overestimated the number of patients with CKD. 37 Obtaining eGFR data throughout length of stay would be more ideal and should be explored in future trials. Second, we were unable to include the time component (duration ≥3 months) that defines CKD, because of lack of available data. However, the ease of calculating eGFR over observed GFR is not unique to this study and offers some standardization compared with potentially unreliable chart documentation. Our definition of AKI and AKI resolution also had limitations. Admission SCr values were always present. However, subsequent SCr (on days 2 and 3) and discharge SCr were less consistently available and made it impossible for us to analyze these patients for AKI or AKI resolution. Therefore, although our AKIs are likely true-positive values, the true incidence of AKI may have been underestimated.
Methodological differences between our retrospective analysis and the larger gold standard trials, INTERACT 2 4 and ATACH 2, 6 also may limit our conclusions and applications. Our sample size was modest, retrospectively evaluated, and nonrandomized, with a significant number of patients removed because of inadequate renal monitoring. This may have introduced bias. However, the data were collected prospectively, with unbiased standardized treatments. Our onset time for initiating intensive SBP treatment (within 24 hours) also differed when compared with INTER-ACT 2 (6 hours) and ATACH 2 trial (4.5 hours). Although this may have improved the clinical efficacy of intensive SBP reduction by reducing the probability of hematoma expansion, the role of delayed intensive SBP reduction on renal function is unclear, with no clear guidelines. 5 In addition, the duration of review for blood pressure measurements was shortened in our study. However, this is likely less consequential because as most patients are tightly monitored for antihypertensive medications or placed on continuous infusions, blood pressure variability and elevations would likely be controlled by the twelfth hour of hospitalization. Finally, in our study, functional outcome and mortality were evaluated at hospital discharge instead of 3 months. However, our primary clinical outcome noted was in-hospital mortality, where patients would have the largest probability of death. 38 Finally, certain variables, including blood pressure recordings and use of nephrotoxic agents, were documented retrospectively, as we have previously described, 39 and the nephrotoxicity of our antihypertensive regimen was not independently evaluated. The lack of randomization and limitation of this study to a single center may have introduced bias, which was apparent in the nonheterogeneous distribution of nephrotoxic agents: patients with AKI were more likely to be given piperacillin/tazobactam, vancomycin, fluoroquinolone, and ampicillin and less likely to be given an ACEI or undergo contrast from computed tomographic angiogram. However, none of these agents, with the exception of fluoroquinolones and ACEIs for patients with normal renal function, proved to be an independent predictor for AKI, and all variables were collected by investigators blinded to study outcomes.
Conclusion
Although antihypertensive therapy is one of the mainstays of ICH treatment, it comes with risks. Our results demonstrate that a maximum SBP reduction threshold of >90 mm Hg may increase the likelihood of in-hospital AKI, regardless of baseline renal function. Such findings may support the use of a targeted stepwise reduction in SBP rather than a targeted absolute value for patients who present with SBPs >230 mm Hg. Although antihypertensive treatment may interfere with hemodynamic autoregulation, future study is necessary to fully characterize the pathophysiological characteristics behind intensive SBP reduction and AKI. Our results also indicate that AKI is predictive of in-hospital mortality in patients with normal renal function. Rethinking current antihypertensive management in the context of these risks could reduce morbidity and mortality in patients with ICH.
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